Like vertebrates, the genome of Drosophila melanogaster also contains methylated cytosines. However, the enzyme(s) responsible for this methylation has been elusive. By DNA transfection and sodium bisulfite sequencing, we show here that overexpression of dDnmt2, which is the only expressed and cloned Drosophila protein consisting of motifs conserved among the DNA cytosine methyltransferases, results in genomic DNA methylation of Drosophila S2 cells. The data provide the first evidence for dDnmt2 being one candidate gene encoding the Drosophila DNA methyltransferase(s).
Eucaryotic DNA methylation is closely associated with the regulation of a number of cellular and developmental processes such as transcription, genomic imprinting, mammalian Â chromosome inactivation, and cell proliferation (Baylin and Herman, 2000; Bestor, 2000; Bird, 2002) . In vertebrate cells, DNA methylation occurs mainly at the 5 0 position of cytosines of CpG dinucleotides, and the reactions are accomplished by the de novo enzymes DNMT3a and DNMT3b (Hsieh, 1999; Okano et al., 1999) in cooperation with the maintenance enzyme DNMT1 (Hsu et al., 1999; Bestor, 2002) . In contrast to the vertebrates, relatively little is known about the DNA methylation program of invertebrates such as the fruit fly Drosophila melanogaster. Only recently it has been shown that Drosophila encodes proteins orthologus to members of the vertebrate DNA methyltransferase family and to methylated CpG DNA-binding factors (Hung et al., 1999; Tweedie et al., 1999) . Indeed, methylated cytosine (m 5 C) could be detected in the Drosophila genome during early development (Gowher et al., 2000; Lyko et al., 2000) . However, the enzyme(s) responsible for methylation of the fly genome has been elusive.
dDnmt2 is a polypeptide expressed in D. melanogaster, and it is homologous to the carboxyl terminal, catalytic domain of the vertebrate DNA methyltransferases, and bacterial dcm enzyme (Hung et al., 1999; Tweedie et al., 1999) . Orthologs of dDnmt2 also exist in mammalian genomes (Okano et al., 1998; Yoder and Bestor, 1998) . To test whether dDnmt2 could cause DNA methylation of the fly genome, we overexpressed dDnmt2 in Drosophila S2 cell culture by stable transfection with a plasmid pAC-dDnmt2, which contains dDnmt2 cDNA under the control of Drosophila actin promoter. While S2 cells (lane 1, Figure 1a ) or S2 transfected with the vector pAC (lane 2, Figure 1a ) have no detectable amount of dDnmt2, S2 cells with stably integrated pAC-dDnmT2 contain dDnmt2 protein, as detected by Western blotting (lane 3, Figure 1a ). We then isolated genomic DNAs from S2, S2 (pAC), and S2 (pAC-dDnmt2), and subjected them to m 5 C analysis with the combined use of sodium bisulfite reaction, PCR, plasmid cloning, and sequencing. In this procedure, C methylated at the 5 0 position would remain as C, while unmethylated C would be converted to T (Warnecke et al., 2002) .
The data from such analysis of a Drosophila genomic region (Figure 1b ), which has been demonstrated previously to contain an m 5 C residue in early Drosophila embryo (Lyko et al., 2000) , are shown in Figure 1b Figure 1c ). In consistency with the dinucleotide frequencies of m 5 C of Drosophila (Lyko et al., 2000; Gowher et al., 2000) , fewer m 5 C residues are located in 5 0 -CpG-3 0 than at other dinucleotide sites (Figure 1b) . It is also interesting to note that the region analysed in some cells contains multiple m 5 C, instead of just one, as in the fly embryos (Lyko et al., 2000) . This could result from overexpression of dDnmt2 and consequent deregulation of the methylation process.
Like the mammalian Dnmt2 (Okano et al., 1998; Yoder and Bestor, 1998) , no enzymatic activity has been reported for dDnmt2. This has been somewhat puzzling because first, this polypeptide (Hung et al., 1999; Tweedie et al., 1999) contains at least eight of the 10 motifs that are conserved in, and functionally involved in the catalytic activities of, the known Cmethylating enzymes of bacteria and vertebrates (Posfai et al., 1989; Bestor, 2000) . Second, unlike the mammals, dDnmt2 has been the only expressed and cloned fly protein containing the above motifs. Our data presented above strongly support the notion that dDnmt2 is a candidate enzyme responsible for the DNA methylation program of Drosophila. Perhaps the catalytic activity of dDnmt2 requires the formation of multicomplex in vivo, the components of which await to be identified. Finally, it is anticipated that the mammalian orhtologs of dDnmt2 also could function as C methyltransferase, especially in view of their tight DNA binding property and a conformation similar to the bacterial C methylation enzyme when bound to DNA (Dong et al., 2001) .
Methods
Drosophila S2 cells were maintained in Schneider's medium (Sigma), pH 6.9, supplemented with CaCl 2 (0.6 mg/ml), NaHCO 3 (0.4 mg/ml), 10% heat inactivated fetal bovine serum (Gibco BRL, Life Technologies), and antibiotics (25 U/ml penicillin and 25 mg/ml streptomycin, Gibco BRL, Life Technologies). The cells were maintained in monolayers at 241C. Transfection of S2 cells was performed by CaPO 4 precipitation. pCO-Hygro was used as the selection plasmid. The transfected cells were grown in a medium containing 200 mg/ml of hygromycin B (Calbiochem). After 5 weeks of selection, the hygromycin-resistant cells were subcultured and maintained in a medium containing 50 mg/ml of hygromycin.
Bisulfite genomic sequencing was carried out as previously described (Warnecke et al., 2002) , with some modifications. Before bisulfite treatment, the genomic DNAs were extensively purified, including RNase A and proteinase K digestion, extraction with phenol/chloroform/isoamylalcohol, ethanol precipitation, resuspension, and shearing through 24G needle. The DNA was denatured in 0.3 m NaOH, and the bisulfite reactions were performed at 551C for 18 h in 3.87 m sodium bisulfite and 10 mm hydroquinone. The bisulfitetreated DNA was desulfonated, neutralized, and ethanol precipitated. The nested PCRs were performed on Gene Amp PCR system 9700 (PE Applied Biosystems). The PCR products from the second round of amplicfication were gel purified using a gel extraction kit (Amersham Biosciences), and subcloned into pGEM-T (Promega). The inserts of purified plasmid clones were then subjected to automated sequencing in the ABI 3730 DNA analyser (Applied Biosystems). Note that the extent of methylation is uneven across the region. Also underlined with arrows are the sequences according to which the three modified primers for nested PCR were designed. (c) Bisulfite genomic sequencing of S2, S2 (pAC), and S2 (pAC-dDnmt2) cells. DNAs from the cells were subjected to sodium bisulfite treatment, followed by PCR, cloning, and sequencing. The chromatograms from nt 120 730-120 785 of one each of the clones derived from S2 (panel I), S2 (pAC) (panel II), and S2 (pAC-dDnmt2) (panel III) are shown. The C residues methylated in S2 (pAC-dDnmt2) cells are underlined. Five clones from two different batches of sodium bisulfite-treated S2 (pAC-dDnmt2) DNA exhibited identical methylation patterns as shown in (b). In addition, the sequences of three other clones indicate C methylation at nt 120 452, 120 629, and 120 677, respectively
